Natural viewing often consists of sequences of brief fixations to image patches of different structure. Whether and how briefly presented sequential stimuli are encoded in a temporal-position manner is poorly understood. Here, we performed multiple-electrode recordings in the visual cortex (area V4) of nonhuman primates (Macaca mulatta) viewing a sequence of 7 briefly flashed natural images, and measured correlations between the cue-triggered population response in the presence and absence of the stimulus. Surprisingly, we found significant correlations for images occurring at the beginning and the end of a sequence, but not for those in the middle. The correlation strength increased with stimulus exposure and favored the image position in the sequence rather than image identity. These results challenge the commonly held view that images are represented in visual cortex exclusively based on their informational content, and indicate that, in the absence of sensory information, neuronal populations exhibit reactivation of stimulus-evoked responses in a way that reflects temporal position within a stimulus sequence.
Introduction
A ubiquitous feature of natural viewing is the sequence of successive, brief fixations to image patches of different structure. Although successive foveation during image scanning exposes visual cortex to millions of image sequences every day, whether images are encoded in a temporal-position-dependent manner is poorly understood. Indeed, it is generally believed that images are represented in visual cortex exclusively based on their informational content. That is, visual cortical neurons extract increasingly complex features of the visual world in a hierarchical manner (Felleman and Van Essen 1991) , and represent incoming stimuli by generating spike trains linked to particular stimulus conditions. While it is broadly acknowledged that sensory information is encoded dynamically rather than statically, previous studies dealing with the temporal encoding of visual information have focused on the effect of previous stimulation on neuronal responses in the context of adaptation (Dragoi et al. 2002; Felsen et al. 2002; Gutnisky and Dragoi 2008) , flash suppression (Keliris et al. 2010) , or masking (Macknik et al. 2000) . However, whether sensory representations are influenced by the position of a stimulus within an image sequence has rarely been explored.
We addressed the temporal-position-encoding of visual information by performing multi-electrode recordings of neuronal activity in area V4 of nonhuman primates (Macaca mulatta) viewing a sequence of 7, sequential, 200-ms natural scenes reminiscent of stimuli encountered during natural viewing. The issue of temporal encoding was examined in the context of neuronal reactivation, which is the capacity of neuronal populations to replay stimulus-evoked responses in the absence of stimulation. Neurons in area V4 encode complex features of visual images (Desimone and Schein 1987; Hegde and Van Essen 2005) , undergo rapid plasticity during adaptation (Wang et al. 2011 ) and learning (Wang and Dragoi 2015) , and have been recently shown to exhibit reactivation of stimulus-evoked neuronal activity (Eagleman and Dragoi 2012) . Reactivation is expected in light of previous reports (Han et al. 2008 ) that stimulus exposure in visual cortex leaves a "memory" trace after the stimulus is extinguished. However, whether the degree of reactivation depends on a stimulus' position in a sequence is unknown.
We reasoned that a measure of reactivation is the extent to which the neural responses across the population of neurons in the absence of the stimulus resemble the stimulus-evoked responses. Thus, we assumed that the representation of an image across a population of neurons is given by the pattern of cell responses across the population. We exposed a population of V4 cells to successive images and measured the correlation between the population responses during stimulus presentation and those in the absence of the stimulus. We found striking correlations between the cue-triggered evoked and ongoing activity that vary with the stimulus position in the sequence. That is, consistent with the perceptual serial position effect (images presented at the beginning and end of a sequence are more salient and can be better remembered than those in the middle (Cohen 1972; Basile and Hampton 2010) ), we found significant correlations associated with the images occurring at the beginning and the end of a sequence, but not with those in the middle. The correlation strength increased with stimulus exposure and favored the image position in the sequence rather than image identity. These results challenge the commonly held view that images are represented in visual cortex exclusively based on their informational content, and indicate that, in the absence of sensory information, external stimuli are encoded in a dynamic manner reflecting their temporal position within a stimulus sequence (Dragoi and Sur 2006; Keliris et al. 2010 ).
Materials and Methods

Behavioral Paradigm
All experiments were performed in accordance with protocols approved by National Institutes of Health's Guide for the Care and Use of Laboratory Animals (ILAR 2011). Two rhesus monkeys (M. mulatta) were trained to fixate on a centrally located fixation point (0.4°in size) within a 2°fixation window presented on a video monitor placed at a distance of 57 cm from each monkey's eye. Monkeys triggered the trial by holding a bar. To ensure fixation, eye position was continuously monitored by using an eye tracker system operating at 1 kHz (EyeLink II; SR Research). Monkeys performed a fixation task in which a stimulus sequence (unchanged across sessions) composed of seven 10 × 10°color natural images (e.g., landscape and animals in their natural environment) was presented for 200 ms each and covered multiple receptive field locations. Stimuli were generated with Psychophysics Toolbox and MATLAB and presented on a CRT 19 inch color video monitor (Dell, 60 Hz refresh rate). The stimulus sequence trial was followed by a blank trial (gray screen) equal in duration, and triggered by the onset of the fixation point. The total exposure time to the image sequence in each trial was 1.4 s. The duration of the "blank" trial (after fixation was achieved) was identical to that of the "stimulus" trial (1.4 s). The time course of the trial events was as follows: 300 ms sustained fixation → 1.4 s stimulus presentation during fixation → reward awarded after 2 s → 3 s inter-trial interval (ITI). The trial succeeding the stimulus trial was the blank trial, which had an identical temporal structure as the stimulus trial except that the 1.4-s stimulus presentation during fixation was replaced by a 1.4-s blank presentation during fixation. Each session consisted of 150 stimulus and 150 blank trials (Supplementary Information Methods). If monkeys maintained fixation throughout the entire trial they were rewarded with 3 drops of juice. Trials were separated by an ITI of 3 s. The luminance of the inter-trial monitor screen was identical to that during the "blank" condition.
Electrophysiological Recordings
Multiple single-unit extracellular recordings in area V4 were performed using a custom Crist-grid recording array composed of 4-10 microelectrodes (tungsten, 1-2 MΩ at 1 kHz, FHC Inc.). The advance of electrodes was made transdurally through stainless steel guide tubes into area V4. We recorded up to 10 cells simultaneously in each session at depths between 200 and 400 μm. Recording sites were located between 1 and 2 mm of each other. Real-time neuronal signals recorded from electrodes (simultaneous 40 kHz A/D conversion on each channel) were analyzed using the Multichannel Acquisition Processor system (MAP system, Plexon Inc). Single-unit signals were amplified, filtered, viewed on an oscilloscope, and heard through a speaker. Individual neurons were isolated through spike waveform sorting using Plexon's offline sorter program. Recording sites were selected based on the quality of the signal (signal-to-noise ratio) and responsiveness to visual stimuli.
Correlation Analysis
We applied a z-score criterion to compute standard deviations of spike counts that were above or below the mean across image positions. This criterion is a dimensionless quantity derived by subtracting the data mean from an individual raw score and then dividing the difference by the standard deviation. In each session, we computed the Pearson correlation coefficient between 2 vectors representing the mean stimulusevoked responses of each cell and the mean responses in the blank condition (averaged across trials). The vectors contained the averaged, z-scored spike count of all the cells in the recorded population/session as a function of time for each "stimulus/ blank" condition. The Pearson's correlation is defined as:
where x and y were z-scored vectors containing mean firing rates across the population/session. ̅ x and ̅ y represent mean values; index 'i' is in the [1; n] range, with n representing locations within the vector. Correlation coefficient values were in the range [−1; 1]. The "blank" responses were extracted from the ongoing activity in the blank trials 300 ms after the cue (fixation point) was presented. Thus, both the stimulus-evoked and blank responses consisted of the spike trains recorded 300 ms after the onset of the cue. Stimulus-blank correlations were computed for each 200-ms image after calculating the neurons' average firing rates for each stimulus. For the population analysis, we computed the Pearson correlation coefficient between 2 vectors representing the mean stimulus-evoked responses of each cell and the corresponding mean responses in the blank condition by pooling all the cells across sessions (see Supplementary Information Methods).
Results
Two nonhuman primates (M. mulatta) performed a passive fixation task (Fig. 1A ) while neuronal activity (n = 97 visually responsive single units) at multiple V4 sites was recorded over 20 sessions. After a brief period of fixation (300 ms), a fixed stimulus sequence (unchanged across sessions) which was composed of seven 10 × 10°natural images (e.g., landscape and animals in their natural environment) was presented for 200 ms each and covered multiple receptive field locations. Each stimulus trial was followed by a blank trial (gray screen) equal in duration to the stimulus trial, triggered by the onset of the fixation point (the duration of the blank trial was chosen to be equal to that of the stimulus trial, Fig. 1A ). Individual V4 neurons were exposed to a series of 300 stimulus/blank alternating trials in each session ( Fig. 1B ; raw activity of a population of cells recorded in the stimulus and blank trials is shown in Fig. 1C ).
For each cell, we compared the mean stimulus-evoked response during the 1.4 s of stimulus presentation to the baseline firing rate. For many of the cells in our population, we found a high concentration of spikes during the image sequence presentation (1.4 s), followed by a cue-triggered increase in responses in the blank trials, and a decrease in responses after 1.4 s that was often observed even when in the blank stimulus condition. We analyzed the responses of the cells in our population throughout an extended time window starting with stimulus onset and ending with the subsequent blank presentation. In agreement with a previous study (Eagleman and Dragoi 2012) , we found that 60% (58/97) of visually responsive cells showed an increase in neuronal responses to the stimulus followed by a decrease in the ITI, and then a pronounced increase immediately after the onset of the fixation point in the subsequent blank condition (Fig. 1C , P < 0.001, Wilcoxon signed rank test; comparing the mean firing rates in the 1.4-s window before fixation onset in the blank condition and the 1.4-s window after blank onset). The increase in firing rate in the blank condition in many cells raises the possibility that neuronal responses may exhibit reactivation of previously evoked spiking activity during the stimulus trials.
We determined the extent of reactivation of stimulusinduced neuronal responses across the network of cells for each image in the sequence by examining whether the ongoing population response in the blank trials resembles the population response to the stimulus. We reasoned that the neural representation of an image is associated with the pattern of evoked responses across the population of cells. Are the neurons' responses across the population during stimulus presentation correlated with the neurons' responses in the absence of the stimulus? Figure 2A represents the distribution of population responses for 2 example sessions, separately for each image in the sequence in both the stimulus and blank conditions. Figure 2B shows the distribution of the average neural responses of each recorded cell across sessions, separately for each image in the sequence. To test neuronal reactivation, we computed the correlation (Dayan and Abbott 2005) between two vectors representing the mean stimulus-evoked responses of the cells in a session and the ongoing activity responses of the corresponding cells in the blank condition. Neuronal responses corresponding to each image and blank were averaged across trials for each cell, see "Materials and Methods" section, Figure 2C . The "blank" responses were extracted from the ongoing activity in the blank trials that followed the stimulus trials, 300 ms after the cue (fixation point) was presented. Thus, both the stimulus-evoked and blank responses consisted of the spike trains collected 300 ms immediately after cue onset.
The stimulus-blank correlations were calculated separately for each image by computing the Pearson correlation coefficient (CC, see "Materials and Methods" section). Since cells with higher than average firing rates may impact our correlation measure more than those with low firing rates (de la Rocha et al. 2007 ), the responses of each cell were normalized across trials in each condition (using z-scores) (Eagleman and Dragoi 2012) . The correlation between the stimulus-evoked and "blank" population responses (r 1 , r 2 , … ,r 7 in Fig. 2C ) was computed separately for each 200-ms image. If the stimulus and blank population response distributions would be identical, the correlation coefficient between the 2 sets of responses would be 1; however, if they are independent, the correlation coefficient would be 0.
We hypothesized that the first and last images in the sequence will be associated with higher stimulus-blank correlation coefficients, that is, they are associated with higher degrees of reactivation, than the images in the middle of the sequence. Indeed, we found significant session-by-session stimulus-blank correlations for the first and last images in the sequence, and much weaker correlations for the images in the middle of the sequence (Fig. 2D ). That is, even though each correlation coefficient was statistically significant (P < 0.05, Wilcoxon rank-sum test), we found that images 1-2 and 6-7 are associated with larger correlation coefficients than images 3-5 (P < 0.01, Wilcoxon rank-sum test on N = 1000 bootstrapped correlation coefficients). Furthermore, similar results were obtained (P < 0.05, N = 1000, permutation test; Fig. 2C-E ; see Methods) when we computed the stimulus-blank correlations by pooling all the neurons recorded across sessions. These results were captured by a U-shaped curve-when representing the stimulus-blank correlation coefficients as a function of image position, we found a U-shaped profile suggesting that the first and last images in the sequence are associated with the largest extents of reactivation (Fig. 2D,E) .
One possible confound for the U-shaped correlation profile in Figure 2D ,E is the firing rate for each image. This concern is alleviated by our firing rate normalization-since cells with high average firing rates might have impacted our correlation measure more than those with low firing rates (de la Rocha et al. 2007 ), the responses of each cell were normalized across trials for each condition. Nonetheless, we have directly examined whether there was a firing rate difference across the cells in our population for the 7 images in the sequence. Figure 3A shows that there is no significant difference in mean firing rates across image positions for stimulus (P = 0.98) and blank (P = 0.99) conditions, or between conditions (P = 0.99; ANOVA 1-way multi-comparison using Bonferroni correction). Indeed, even though image position strongly influenced the correlation coefficient between the stimulus and blank population responses, we did not find a relationship between mean firing rate in the stimulus and blank trials and image position (stimulus trials: R = 0.01, P = 0.90; blank trials: R = 0.06, P = 0.49; similar results were found when we pooled the responses of the entire population of cells, stimulus: P = 0.98; blank: P = 0.99; stimulus/blank; P = 1; ANOVA 1-way multi-comparison using Bonferroni correction). These results support our finding that the stimulus-blank correlation coefficients, but not stimulus or blank population response magnitude, depend on the temporal order of an image in the sequence.
We next verified whether the higher stimulus-blank neuronal correlations for the first and last images in the sequence could be due to stimulus-specific differences in the relationship between the correlation coefficients and the mean firing rates for the images in the sequence. To rule this out, we calculated the relationship between the mean firing rate and mean stimulus-blank CC for each image both for the entire population of cells ( Supplementary Fig. S1A ) and across sessions (Fig. 3B) . However, we did not find a statistically significant relationship between the stimulus-blank correlation coefficient and the mean firing rates, either for the stimulus or blank periods (session-by-session, stim: P = 0.49; blank: P = 0.90; entire population, stim: P = 0.77; blank: P = 0.51; Pearson correlation coefficient). Altogether, these results indicate that the U-shape effects shown in Figure 2D ,E cannot be attributed to an overall change in firing rates due to the relative position of images within a sequence.
We further examined the robustness of our temporal-position effect by shuffling the mean neuronal responses corresponding to each image for both the stimulus and blank conditions, and then recomputed the stimulus-blank correlation coefficients for each image in the sequence. Specifically, the 200-ms responses associated with each image were shuffled 1000 times across images, for each condition independently, and then after shuffling, we recomputed the stimulus-blank response correlations. As shown in Figure 3C , the results indicate an overall reduction (98%) in the mean Pearson correlations across image positions for the population analysis (0.02 ± 3.63 × 10 −6 , mean ± SEM; see also Supplementary Fig. S1B for the session-by-session analysis: 0.003 ± 0.001). We have additionally tested whether the image position in the sequence influences the precision of neuronal responses by calculating the coefficient of variation, CV (Dayan and Abbott 2005) , as a measure of the precision of spike timing associated with each image in the sequence. However, we failed to detect a significant relationship between CV and image position (|P| > 0.05, by comparing the CV corresponding to the first or last image in the sequence relative to the middle images, for both stimulus and blank conditions; Supplementary Fig. S2 ).
One important control is to ensure that the stimulus-blank correlation found in Figure 2D ,E does not reflect a general effect of elevated attention or arousal during the task. Since the animal is rewarded to maintain fixation for a 1.4-s period during the image sequence trials, and for the same temporal window during blank trials, our results could have been influenced by the sustained attentional state and visuomotor task required across both stimulus and blank trials. Over trials, the monkey may pick up the temporal structure of the blank trials and learn the approximate time period over which it should not break fixation in order to gain a juice reward. Although the lack of a serial position effect on mean firing rates argues against this possibility, it does not completely rule out concerns that the effects may be driven by temporal expectations or the fixation task structure.
To control for this possibility we performed 2 analyses. First, we computed the 2D correlation coefficient (see Materials and Methods) between the different components of the neural response (before/during/after stimulus and before/during/after blank) to identify the time epochs associated with the largest correlation coefficients (Supplementary Fig. S4 ). However, we found a significant correlation only between the stimulus and blank responses (P < 0.01). In contrast, the correlation coefficients between prestimulus/blank, poststimulus/blank, preblank/stimulus, and postblank/stimulus responses were very small and statistically nonsignificant (P > 0.1; bootstrap method). Second, we computed the correlation between the stimulus and "reverse" blank V4 responses (separately for each 200-ms image presentation), that is, image If our results are due to a general attention or arousal effect in the blank trials, computing the correlation between the image and "reverse" blank responses should yield the same U-curve correlation profile as in Figure 2D ,E (because correlations would be driven by the temporal structure of the task instead of the stimuli used). However, we found that this is not the case (Fig. 2D) -both for the session-by-session and entire-population analysis, the stimulus-reverse blank correlations did not show a serial position-dependent effect (P > 0.1, Wilcoxon signed ranked test, by comparing the correlation coefficients associated with images 1-2 and 6-7 with those associated with images 3-5).
Does the U-shape correlation profile revealed in Figure 2D ,E emerge after only brief exposure to the image sequence (early in the session) or it develops in time across trials? Since neuronal responses in individual trials are noisy, we divided the sessions into three blocks of 50 trials each (for both the stimulus and blank conditions), and computed the correlation coefficients between the stimulus-induced and the subsequent blank response by pooling all the cells in our population. We found that the U-shape profile for the stimulus-blank response correlations develops gradually across trials (Fig. 4) . Whereas the early blocks (1 and 2) were not associated with a distinct U-shape profile, block 3 was associated with correlation coefficients for the first and last 2 images that were significantly different from those in the middle (Fig. 4A-bottom (P < 0.05, bootstrap method) ). This indicates that stimulus reactivation develops toward the end of the session after exposure to the image sequence for at least 100 trials. We confirmed these results by calculating the convexity of the quadratic fit of stimulus-blank correlation coefficients for each block of trials (Fig. 4B) , and found a 63% increase in convexity for the third block of trials relative to the second (there was a 27% increase in convexity in the third block when comparing to convexity computed across all the trials). Importantly, despite the block-by-block change in convexity, the firing rates of individual neurons and the coefficients of variation (both in the stimulus and blank trials) were remarkably stable across trials (P > 0.1, Pearson correlation). This increase in convexity in the last block of trials is consistent with our trial-by-trial analysis of the stimulus-blank response correlations across sessions ( Supplementary Fig. S3 ) showing a statistically significant U-shape profile for the last 50 trials (P < 0.05, bootstrap test).
We have additionally tested whether the image position in the sequence influences the precision of neuronal responses across the blocks. By calculating the coefficient of variation, Supplementary Figure S5 shows that stimulus-blank correlation coefficients are independent of firing rate in each block of trials. There was no significant correlation between the stimulus-blank correlation coefficient and the mean firing rate for the population of cells (Mann-Whitney U-test, P > 0.05 for each comparison). Regarding to session-by-session analyses, the progression was also observed for the stimulus-blank correlation coefficients across blocks of trials across trials for the session-by-session analyses (Supplementary Fig. S6 ).
To examine whether the changes in convexity are gradual or they emerge abruptly during stimulus exposure, we used a 50-trial moving window for which we calculated the convexity of the quadratic fit of stimulus-blank correlation coefficients (using a 10-trial step). As shown in Figure 4C , we found a smooth increase in convexity as trials progressed to indicate that the U-shape correlation profile evolves gradually in time rather than emerging abruptly during stimulus exposure. Overall, these results indicate that over time there is an increase in the stimulus-blank correlation for the first and last images in the sequence while the correlations for the middle images decrease. Thus, the serial position effect in the representation of image sequences in V4 emerges gradually rather than abruptly, arguing for an experience, time-dependent phenomenon. The analysis so far does not completely rule out that our serial position effect might be due to the particular images used in the sequence presented to the animal. Is the stronger stimulus-blank response correlation associated with the first and last images in the sequence due to image identity or is it due to image position in the sequence? In principle, the stimuli in the middle of the sequence could elicit responses across the population that are either adapted due to the preceding stimuli (Dragoi et al. 2000 (Dragoi et al. , 2002 or masked by the flanking stimuli in the sequence (Macknik et al. 2000) . Even though we did not find firing rate differences across responses elicited by each image (no effect of image identity), we cannot completely exclude that our measured correlations would carry a residual effect caused by image identity. We directly addressed this issue by performing additional experiments to control for the effect of image identity and position (5 sessions; 37 cells). In these experiments, 1 animal was exposed to 1 fixed image sequence for 300 trials (using the same stimulus/blank setup described in Fig. 1A) followed by a block of 300 trials in which images were shuffled (Fig. 5A) . The order of the images in the shuffled sequence was fixed for all the trials (see Materials and Methods), and identical analysis of the population response was performed for the unshuffled and shuffled images.
In agreement with our hypothesis that image position impacts sequence representation in V4, we found that the profile of the stimulus-blank correlation coefficient across the images in the sequence resembled the U-shaped profile from the original experiment (Fig. 5B,C , P < 0.05, t-test on N = 1000 bootstrapped CCs). Indeed, as in our original experiment, the CCs associated with the early and late images (0.34 ± 0.012 for images 1-2, and 0.20 ± 0.012 for images 6-7) were not significantly different among each other (P >0.05, ANOVA 1-way multi-comparison using Figure 1A . Unshuffled (left) and shuffled (right) image sequences were presented for 300 trials each. (B and C) Stimulus-blank correlation coefficients for the unshuffled and shuffled sequences. Dashed lines with empty circles indicate bootstrapped (N = 1000) correlations after shuffling the trials. The experiment using the shuffled image sequence was identical to the original stimulus setup presented in Figure 1A . For both plots, asterisks represent statistically significant correlations (P < 0.05, t-test on N = 1000 bootstrapped CCs). (D) Mean firing rates for each image position for the stimulus and blank conditions. Firing rates were not statistically different across images and conditions (stimulus: P = 0.92; blank: P = 0.99; stimulus/ blank; P = 0.89; ANOVA 1-way multi-comparison using Bonferroni correction). Error bars represent SEM. (E) Control analyses-correlation between the neuronal responses evoked by the stimulus sequence and those evoked by the shuffled stimulus sequence (red), the responses evoked by the stimulus sequence and those in the shuffled blank trials (green), and the responses in the blank trials and those in the shuffled stimulus condition (blue). Each point corresponds to 1 image. The dashed lines represent the linear regression fits.
Bonferroni correction), but were significantly larger (P < 0.01) than the correlations associated with the middle images (mean correlation −0.29 ± 0.008 for images 3-5). However, when the original image sequence was shuffled ( Fig. 5C ; SEM < 0.01, N = 1000 bootstrap sampling CCs), the stimulus-blank response correlations continued to resemble the serial position effect: (early images: CC = 0.14 ± 0.005, late images: CC = 0.144 ± 0.004, middle images: CC = −0.115 ± 0.004; mean ± sem), and both the CCs associated with the early and late images were significantly higher than the CCs associated with the middle images (P < 0.05). Importantly, all correlation coefficients significantly dropped to zero when the population response was shuffled across images (|CC| < 0.01 for all image positions; N = 1000 bootstrapping from shuffled trials; see dashed lines with empty circles in Fig. 5B,C) . Furthermore, we did not find a statistically significant difference in mean firing rates for the stimulus and blank conditions for the shuffled image sequence (stimulus: P = 0.56; blank: P = 0.99; stimulus/blank; P = 0.24; ANOVA 1-way multi-comparison using Bonferroni correction; Fig. 5D ). Altogether, these results indicate that the stimulus-blank correlation profile depends exclusively on the image position in the sequence, not image identity.
We next examined whether the results in Figure 5B ,C may be due to a general task entrainment that could be expressed more strongly at the beginning and end of the trial. To control for this possibility we computed the correlations between (i) the neural responses evoked by the stimulus sequence and those evoked by the shuffled stimulus sequence, (ii) the responses evoked by the stimulus sequence and those in the shuffled blank trials, and (iii) the responses in the blank trials and those in the shuffled stimulus condition (separately for each image). We reasoned that if the serial position effects reported here were caused by a stimulus-independent task entrainment occurring at the beginning and end of a trial, these correlations would be stronger at the beginning and end of a trial even when they are computed for trials associated with different stimulus/blank sets (as those in Fig. 5A ). However, that was not the case (Fig. 5D,E) -the stimulus-shuffled stimulus, stimulus-shuffled blank, and blank-shuffled stimulus correlations did not show a statistically significant serial position-dependent effect (P > 0.1, Wilcoxon signed ranked test, by comparing the correlation coefficients associated with images 1-2 and 6-7 with those associated with images 3-5).
Finally, we examined whether the stimuli used in our monkey electrophysiology experiments are able to induce a perceptual serial position effect, and to this end we performed psychophysical experiments in humans (Supplementary Fig. S7 ; see Methods). Stimuli consisted of seven natural images flashed for 200 ms each while subjects performed a letter identification task (to ensure that subjects remained alert and fixated in the center of the screen). Briefly, during image exposure human subjects were required to fixate on the center of a computer screen while viewing a rapidly alternating string of letters (flashed for 50 ms each). Each stimulus trial was followed by a blank trial which was identical in length to the stimulus trial, but only contained the letter task (no image sequence being presented). At the end of each trial subjects were required to indicate, in a twoalternative-forced-choice manner whether the cued letter (chosen randomly between the letters in the string) was present in the trial (Supplementary Fig. S7A-left ; the mean performance in the letter task across seven subjects was >90%). Following the exposure phase, we tested subjects' ability to recall that specific images were present in the sequence ( Supplementary Fig. S7A right) by indicating with a keyboard press whether they can recognize the image. During recall, we used the seven images from the previous exposure phase as well as seven additional images that subjects had never seen before (distractors). Each image (exposed and distractor) was randomly presented 5 times for 200 ms each.
To determine whether subjects exhibited a serial position effect for the images presented at the beginning and end of the sequence, we calculated the percentage correct responses ( Supplementary Fig. S7B-top) for each image, and the subjects' latency to respond (reaction time). For the exposed images subjects reliably indicated that they recognized the early (positions 1-2; 70% ± 0.05) and late images (positions 6-7; 73.8% ± 0.05) more often than the middle (positions 3-5; 49% ± 0.04) and distractors images (P < 0.01, Wilcoxon rank-sum test). Interestingly, we also observed that for those images in the middle of the sequence, response latency ( Supplementary Fig. S7B -bottom) was significantly higher (by~200 ms) compared to early and late images (positions 3-5; 0.64 s ± 0.02, P = 0.02, Wilcoxon rank-sum test). These results demonstrate a perceptual serial position effect that is consistent with the neuronal serial position effect in the representation of image sequences.
Discussion
An important issue in our understanding of brain circuits is whether neuronal networks continue to represent sensory information in the absence of stimulation. We demonstrate here that populations of V4 neurons in awake macaque visual cortex exhibit cue-triggered activity of previously evoked responses to sequences of natural scenes, and that this reactivation is manifested in a serial position manner. Specifically, we measured correlations between cue-triggered population responses under different conditions (in the presence and the absence of a stimulus sequence) and found robust correlations for the images occurring at the beginning and end of a sequence. The strength of these correlations selectively increased across trials and favored the temporal order in the sequence rather than the specific image features. Taken together, our results indicate that ongoing population activity in V4 in the absence of a stimulus resembles the stimulus-evoked response in a serial position manner.
Our results have implications for the representation of timevarying visual stimuli in the absence of sensory information. We present evidence that rapidly flashed image sequences, a ubiquitous aspect of natural viewing in unconstrained environments, are represented in a temporal-position-dependent manner across visual cortical networks. While it is accepted that sensory information is encoded in a dynamic manner during adaptation, repetition suppression, or masking (Dragoi et al. 2002; Felsen et al. 2002; Gutnisky and Dragoi 2008; Keliris et al. 2010; Macknik et al. 2000) , how briefly presented stimuli are encoded when they are embedded into more complex forms of temporal context has remained unknown. We show here that visual cortical neurons represent external stimuli even when these stimuli are absent, and that stimulus representations reflect temporal position within a stimulus sequence.
The fact that the temporal position within a stimulus sequence determines the extent of neuronal reactivation has implications for visual image memory in area V4. Indeed, reactivation has been originally reported in the hippocampus as a mechanism of memory consolidation (Buzsaki 1998; Hoffman and McNaughton 2002) , and has been hypothesized to constitute a fundamental property of neural ensembles in many brain areas (Ji and Wilson 2007; Eagleman and Dragoi 2012) .
The fact that our temporal-position effects are revealed in the absence of the stimulus suggests a possible relationship with the perceptual serial position effect ( Supplementary Fig. S7 ), an effect typically measured after the stimulus is extinguished, and typically linked to short-term memory capacity (Murdock 1962; McElree and Dosher 1989; Gershberg and Shimamura 1994; Henson 1998; Jones and Oberauer 2013) . However, one difference between the neuronal reactivation effects revealed here and the perceptual serial position effect is the time course of the effects. Whereas, the neuronal serial position effect emerged after tens of trials, the perceptual serial position has a much faster time scale as it manifests after 1 or 2 stimulus repetitions. One possible reason for this difference may be the high response variability in V4 and our limited sample of the population activity which render the small effects we observed after a few trials statistically nonsignificant.
One of our intriguing results is that the stimulus-blank correlations associated with the middle images in the sequence are negative rather than close to zero. It could be argued that negative correlations would still imply a predictive relationship between evoked and reactivated neural activity for the middle images, but with the opposite sign. However, in addition to being smaller in magnitude compared to the positive correlations associated with the first and last images in the sequence, the functional significance of the negative correlations is unclear. Indeed, whereas positive correlations reflect a similarity between the stimulus-evoked population response and that in the absence of the stimulus, negative correlations reflect a weak resemblance between these 2 representations. Therefore, negative correlations would be associated with a poor image decoding performance. That is, training a linear decoder with the responses evoked by the stimuli and testing it with an anticorrelated response pattern (in the absence of stimuli) should yield a poor decoding performance (i.e., one would be unable to "retrieve" the original image from the pattern of ongoing activity).
There are 2 possible confounds in our assessment of serial position. First, a similar pattern of fixational eye movements during the stimulus and blank periods might have influenced neuronal responses to inflate the correlations between the temporal responses in these conditions. To rule out this confound, we examined how the amplitude and velocity of the eye traces differed between stimulus and blank trials by averaging the eye traces across all the trials in a session. However, we found that both the microsaccade amplitude (F 1,138 = 0.62, P > 0.05, ANOVA one-way) and velocity (F 1, 138 = 3.86, P > 0.05) were not significantly different across the images used in our experiment. Second, one might argue that our results could be due to changes in attention during stimulus and blank conditions as neurons in area V4 are known to increase their responses when attention is directed toward a stimulus (Reynolds et al. 2000) . However, besides the fact that spike counts did not show an image position effect, the firing rates of neurons were normalized using z-scores prior to calculating correlation coefficients to eliminate possible differences due to attention. Importantly, our control analyses have revealed that our serial position results are not due to a general effect of elevated attention, arousal, or task entrainment (early and late in a trial), mainly since the stimulus-reverse blank correlations did not show an image serial position effect (Fig. 3D) . Furthermore, we found that correlations between (1) the neuronal responses to the stimulus sequence and those evoked by the shuffled stimulus sequence, (2) the responses to the stimulus sequence and those in the shuffled blank trials, and (3) the responses in the blank trials and those in the shuffled stimulus condition, did not exhibit image position-dependent effects (Fig. 3C) .
Although our results indicate that the representation of image sequences in V4 may occur in a temporal-position manner, the mechanism by which this "serial position" effect takes place remains unknown. Nonetheless, the fact that the serial position effect revealed here requires stimulus exposure raises the possibility that experience-dependent synaptic plasticity could be invoked to explain our results. Indeed, computational work has indicated that primacy and recency effects can be accounted for by either an increased or decreased strength of synapses. For instance, it has been proposed (Sikstrom 2006 ) that long-term synaptic depression (LTD) following the encoding of an item could account for the recency effect; LTP on the other hand enhances the synaptic strength during the encoding of the first items to possibly account for the primacy effect. Our results consequently raise the possibility that V4 neurons could integrate the responses of 2 distinct subpopulations of cells encoding primacy and recency effects to explain the U-shaped profile in the representation of image sequences in the absence of the stimulus (Sikstrom 2006; Lansner et al. 2013) . Nonetheless, to elucidate exactly how synaptic plasticity shapes the properties of neuronal responses for serially presented stimuli in a position-dependent manner will require further experimental and theoretical work.
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